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Abstract 
Relative perfusion of active muscles is greater during knee extension ergometry (KE) 
than cycle ergometry (CE). This provides the opportunity to investigate the effects of 
increased O2 delivery4ࡆ 22) on deoxygenation heterogeneity among quadriceps muscles 
and pulmonary 9ࡆ O2 kinetics. Using time-resolved near-infrared spectroscopy, we 
hypothesized that compared with CE the superficial vastus lateralis (VL), superficial 
rectus femoris and deep VL in KE would have 1) a smaller amplitude of the exercise-
induced increase in deoxy[Hb+Mb] (related to the balance between 9ࡆ O2 and 4ࡆ 22); 2) a 
greater amplitude of total[Hb+Mb] (related to the diffusive O2 conductance); 3) a greater 
homogeneity of regional muscle deoxy[Hb+Mb]; and 4) no difference in pulmonary9ࡆ O2 
kinetics. Eight participants performed square-wave KE and CE exercise from 20 W to 
heavy work rates. Deoxy[Hb+Mb] amplitude was less for all muscle regions in KE 
(P<0.05: superficial, KE 17-24 vs. CE 19-40; deep, KE 19 vs. CE 26 ȝ0). Further, the 
amplitude of total[Hb+Mb] was greater for KE than CE at all muscle sites (P<0.05: 
superficial, KE 7-21 vs. CE 1-16; deep, KE 11 vs. CE -3 ȝ0). Although the amplitude 
and heterogeneity of deoxy[Hb+Mb] was significantly lower in KE than CE during the 
first minute of exercise, the pulmonary 9ࡆ O2 kinetics was not different for KE and CE. 
These data show that the microvascular 4ࡆ 22 to 9ࡆ O2 ratio, and thus tissue oxygenation, 
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was greater in KE than CE. This suggests that pulmonaryDQGPXVFOH9ࡆ O2 kinetics in 
young healthy humans are not limited by 4ࡆ 22 during heavy-intensity cycling. 
 
Key words: near-infrared spectroscopy, oxygen delivery, muscle deoxygenation, 
heterogeneity 
 
Introduction 
Despite evidence that the speed of pulmonary and muscle 9ࡆ O2 kinetics in young healthy 
humans across the rest-exercise transition is not limited by O2 delivery 4ࡆ 22) (17, 32, 43, 
49) this issue remains contentious during moderate-intensity (38) and heavy-intensity 
exercise (43). This uncertainty may well reflect limitations in technological approaches 
that include single-site and superficial near-infrared spectroscopy (NIRS) interrogation 
of muscle deoxygenation (deoxy[Hb+Mb]) profiles or venous/mixed venous effluent 
sampling, and employ a range of exercise models and inter-subject differences in 
cardiopulmonary fitness or muscle oxidative capacity (33). 
For large muscle mass exercise [e.g., conventional cycling (CE) or running exercise] 
where as much as 7.5 kg (for one leg) or more is recruited, the sympathetic nervous 
system opposes local vasodilation in an attempt to regulate mean arterial pressure for the 
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extant cardiac output (54). The consequence of this sympathetic action is that increases 
in blood flow are limited, FRQVWUDLQLQJ4ࡆ 22 and changes thereof and setting fractional O2
H[WUDFWLRQDFFRUGLQJWRORFDO9ࡆ 22LHWKHORFDO4ࡆ 229ࡆ 22 ratio) (20). Small muscle mass 
exercise like knee extension (KE, 2-3 kg for one leg) (1, 7, 32, 34, 46) and handgrip (<1 
kg) results in a far greater mass specific muscle blood flow, and therefore a JUHDWHU4ࡆ 22 
ceiling, during contractions than observed in CE or running. Greater mass specific blood 
flow (KE, 3.85 L·miní1·kg-1; CE, 1.3 L·miní1·kg-1), 4ࡆ 22 and 9ࡆ O2 (KE, >600 
mL·miní1·kg-1; CE, 230 mL·miní1·kg-1) (25, 47, 48) during exercise has the potential to 
increase the regional muscle 4ࡆ 22/9ࡆ O2 ratio, which would raise microvascular O2 
pressures and constrain the rise in deoxy[Hb+Mb]. Moreover, as microvascular and 
capillary hematocrit at rest is far below systemic (e.g., 15 vs. 45 %), and increases with 
elevated muscle blood flow and capillary red blood cell flux (23, 24), there is the 
opportunity for a greater increase in [Hb] during KE than CE (measured by quantitative 
NIRS as total[Hb+Mb]); such a dichotomy is expected to elevate blood-myocyte diffusive 
O2 transport more in KE than CE (9, 13, 42). 
Recent improvements in NIRS technology including time-resolved spectroscopy 
(TRS-NIRS), multi-site sampling, improved penetration depth and correction for 
overlying adipose tissue have increased our ability to resolve spatial and temporal 
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exercise-induced changes in deoxy- and total[Hb+Mb] (2, 26, 28, 29, 31, 33). Moreover, 
TRS-NIRS abolishes the need to make assumptions regarding photon scattering and 
pathlength that are used in some other NIRS methodologies, and therefore provides 
absolute measurement of deoxy- and total[Hb+Mb]. Use of this technology has revealed 
substantial heterogeneities with respect to the amplitudes and kinetics of deoxygenation 
and [Hb] within and across muscles during CE (2, 4, 6, 16, 21, 33, 40, 41). 
Our previous investigation comparing KE and CE (32UHOLHGXSRQEXON4ࡆ ZKROHOHJ
blood flow) and 9ࡆ 22 (pulmonary) and was unable to resolve the degree of intramuscular
4ࡆ 22WR9ࡆ 22 matching within and among different quadriceps muscles. 6LQFHWKHQLWKDV
EHFRPH DSSDUHQW WKDW EXON 4ࡆ  G\QDPLFV DUH YHU\ GLIIHUHQW IURP WKRVH H[WDQW DW WKH
microvascular level (14, 19) providing an impetus to utilize the latest in NIRS technology 
to investigate among different muscle depths and regions KRZDJUHDWHUEXON4ࡆ GXULQJ
.(PLJKWWUDQVODWHWR4ࡆ 22WR9ࡆ 22 heterogeneity across the quadriceps. 
The global hypothesis tested was that a greater bulk muscle 4ࡆ 22/9ࡆ O2 ratio, as seen 
during heavy-intensity KE compared with CE, would increase the UHJLRQDO PXVFOH
4ࡆ 22/9ࡆ O2 ratio and consequently: 1) reduce the amplitude of the exercise-induced 
deoxy[Hb+Mb] response in KE compared with CE; 2) increase the amplitude of 
total[Hb+Mb] in KE compared with CE; 3) increase the homogeneity of regional muscle 
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deoxy[Hb+Mb] responses in KE compared with CE; but 4) not speed pulmonary 9ࡆ O2 
kinetics in KE compared with CE. The finding of evidence supporting hypothesis 4 would 
be consistent with the notion that 9ࡆ O2 kinetics are not limited by O2 delivery during 
heavy-intensity cycling. These specific hypotheses were tested across four muscle sites: 
distal superficial vastus lateralis; distal superficial rectus femoris; proximal superficial 
rectus femoris; and proximal deep vastus lateralis. 
 
Methods 
Participants 
Eight men (age, 21 r 3 years; height, 175 r 3 cm; and weight, 65 r 7 kg9ࡆ O2peak for CE 
= 3.03 r 0.43 L·miní1) participated in the study. All volunteers were nonsmokers and free 
of known respiratory, cardiovascular, and metabolic diseases, and were involved in 
regular exercise (ranging from recreational activity to amateur competitive sport). After 
a detailed explanation of the study, written informed consent was obtained. The study 
was approved by the Human Subjects Committee of Kobe Design University.  
Experimental Design 
CE tests were performed in the upright position on an electronically braked cycle (75XL-
III, Combi, Tokyo, Japan). On separate days upright two-legged KE tests were performed 
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on a knee extension/flexion ergometer previously described (32). The two-legged KE 
paradigm had advantages over one-legged KE due to a reduction of O2 cost for postural 
support and a larger increase in amplitude of pulmonary 9ࡆ O2, which helped to quantify 
the precise temporal profiles of the responses. The resistance for the two-legged KE was 
provided via two long metal bars attached to the cranks of an electronically braked cycle 
ergometer positioned behind the seated subject. Each foot was placed in an Achilles-
bracing heel-cup. The alternate movement of both legs required smoothly coordinated 
and continuous movement in a very similar manner to that of standard cycle ergometer 
exercise (11). The KE was performed through 40° of knee extension and flexion (90±
130°) in an alternating kicking pattern, i.e., while one leg was extending, the other was 
flexing. The ergometer had an adjustable backrest that allowed the participants to sit with 
a hip angle of ~100°. The previous studies reported the flexion phase of the KE movement 
was "passive" (1, 46, 51). Thus, the participants were instructed not to contract the 
muscles during the flexion phase for rotating the crank of cycle ergometer and thereafter 
had several familiarization sessions before conducting the exercise test. In contrast during 
CE, there were active flexion/pull-back with increase in the EMG amplitudes of vastus 
lateralis (VL) and rectus femoris (RF) (27). This would influence the amount of active 
muscle mass for KE and CE, however, the mass-specific metabolic demands of small 
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muscle mass KE are greater than CE, i.e., a larger 9ࡆ O2 gain per muscle mass in KE (32). 
For each exercise session participants reported to the laboratory at least 2 h after their 
last meal. They were asked to avoid caffeine, alcohol, and strenuous exercise for 24 h 
before the test. All experiments were conducted in environmental chamber (FLC-2700S; 
Fuji Medical Science, Chiba, Japan) and the ambient temperature and relative humidity 
of the chamber were maintained at 22 °C and 50 %, respectively. 
Incremental Exercise Tests 
Ramp incremental exercise protocols, preceded by 2-min rest and 4-min baseline 
exercise (20 W) on KE and CE ergometers, were performed to HVWLPDWHHDFKLQGLYLGXDO¶V
gas exchange threshold (GET) and peak pulmonary O2 uptake (9ࡆ O2peak) for each exercise 
mode. The work rate for the ramp incremental exercise were 10 W·miní1 for KE and 20 
W·miní1 for CE tests. Participants were instructed to maintain kicking frequency at 60 
contractions per minute per leg for KE and pedal frequency at 60 rpm for CE. KE and CE 
conditions were randomized and tested on separate days.  
Constant Power Exercise Tests 
On separate days, constant power exercise tests were performed for 6 min, preceded 
by 2-min rest and 4-min baseline exercise (20 W). Heavy-intensity power output for KE 
(82 r 10 W) and CE (189 r 22 W) were based on the power equivalent of 40 % of the 
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difference between the GET and9ࡆ O2peak ǻ40%), based on the initial ramp incremental 
exercise in each exercise condition. Participants performed two to three exercise 
transitions for KE and two exercise transitions for CE over a four-week period. Only one 
heavy exercise transition was performed on each day.  
Measurements 
3XOPRQDU\R[\JHQXSWDNH9լ O2) 
Participants breathed through a low-resistance hot-wire flowmeter for measurement of 
inspiratory and expiratory flows (model AE-300S; Minato-Medical, Osaka, Japan). The 
flowmeter was calibrated repeatedly by inputting known volumes of room air at various 
mean flows and flow profiles. Expired O2 and CO2 concentrations were determined by 
gas analysis (model AE-300S; Minato-Medical, Osaka, Japan) from a sample drawn 
continuously from the mouthpiece. Precision-analyzed gas mixtures were used for 
calibration. Alveolar gas exchange variables were calculated breath-by-breath according 
to the algorithms of Beaver et al. (3). Heart rate was monitored continuously via a three-
lead ECG. 
Time-resolved near-infrared spectroscopy (TRS-NIRS) 
The principles of operation and algorithms utilized by the equipment have been 
described in detail elsewhere (29, 31, 39). Briefly, a high-frequency light pulser emits 
  
 10 
light at three wavelengths, and a single-photon detector measures the light reflected from 
the material or tissues under the probe at 5 MHz. This detection-time curve is fitted to 
resolve the absorption coefficient, the reduced scattering coefficient, and the mean 
pathlength, by application of diffusion theory. Knowledge of these three variables allows 
measurement of absolute deoxy[Hb+Mb] DQGR[\>+E0E@LQȝ0XQLWVDQGWKHLUVXP
total[Hb+Mb]. From these, tissue O2 saturation (StO2) is calculated by 
oxy[Hb+Mb]/total[Hb+Mb]*100. The TRS-NIRS technology is based on fitting of the 
light diffusion curve (the photon distribution of the time-of-flight) and known speed of 
light. The diffusion curve parameters are independent of the tissue through which the light 
is traveling±the values of the parameters are measured. Therefore, the technology itself 
does not depend on the structure or volume distribution of the microvasculature or [Mb] 
within the tissue investigated. 
The absolute changes in muscle deoxygenation and oxygenation profiles during KE and 
CE were measured in the quadriceps of the dominant leg. Two TRS-NIRS (TRS-20; 
Hamamatsu Photonics K.K., Hamamatsu, Japan) were used to measure deoxygenation in 
the superficial regions of VL (distal site, dVL-s) and RF muscles (distal and proximal 
sites, dRF-s and pRF-s), and a high-power TRS-NIRS (TRS-20SD; Hamamatsu 
Photonics K.K., Hamamatsu, Japan) was used to measure deoxygenation (21, 26, 29, 41) 
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in the deep VL (proximal site, pVL-d). The output frequency of both TRS systems was 
set to 0.5 Hz. Calibration of both instruments was performed before each test by 
measuring the response when the input and receiving fibers face each other through a 
neutral-density filter in a black tube. 
The skin under the probes was carefully shaved and optodes, housed in black rubber 
holders that helped to minimize extraneous movement, were fixed to the skin with 
adhesive tape. For superficial muscles, the interoptode spacing (OS) between irradiation 
and detection probes was 3 cm. The optodes were placed on the distal sites of the VL and 
RF, and proximal site of RF muscle parallel to the major axis of the thigh. For deep muscle, 
the OS of 6 cm was used and the optodes were placed on the proximal site of the VL 
muscle. 
At the end of the exercise test pen marks were made on the skin to indicate the margins 
of the rubber NIRS optode holders so that adipose tissue thickness (ATT) could be 
subsequently measured. The ATT thicknesses were measured at rest with the subject in 
an upright-seated position using B-mode ultrasound (Logiq 400; GE-Yokogawa Medical 
Systems, Tokyo, Japan). ATT was measured at the TRS-NIRS optode site of the VL and 
RF muscles. In order to quantify the influence of ATT on dynamic changes in NIRS 
signals, we used the ATT correction method of Bowen et al. (4), using a linear regression 
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of the relationship between total[Hb+Mb] and ATT at rest (total[Hb+Mb] = -17.0 * [ATT] 
+ 203, r2 = 0.754, P < 0.001). This normalization process allowed absolute values of both 
deoxy- and total[Hb+Mb] to be compared among subjects and muscle sites differing in 
ATT (e.g., 29).  
Surface electromyography 
Surface electromyography (EMG) was measured in order to estimate muscle activation 
near the TRS-NIRS optode sites of the VL and RF muscles. Three separate bipolar EMG 
sensors were connected to a multi-channel data acquisition system (MP100; Biopac 
systems, Goleta, USA) through an amplifier (Polyam 4; NIHON SANTEKU Co., Osaka, 
Japan), with a sampling frequency of 1 kHz. Electrodes (Bluesensor T-00-S; Ambu, 
Ballerup, Denmark) were positioned just proximal to the NIRS optode assembly on the 
VL and RF, and all sites were prepared by shaving, abrading, and cleaning the skin with 
alcohol and preconditioning agent (Skin pure; NIHON KODEN, Tokyo, Japan). Before 
data collection the EMG sensor body was secured to the leg with surgical tape to help 
minimize any sensor movement and reduce noise during exercise.  
 Further, subjects performed three repetitions of maximal voluntary contractions (MVC) 
while seated upright on a chair. The MVC was measured during 7-s maximal contractions 
by having subjects extend their dominant leg against an immovable bar. Subjects were 
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allowed to rest for at least 3 min before performing the each MVC. The integrated EMG 
(iEMG) of the individual muscles was normalized to the MVC (the peak instantaneous 
EMG during the highest EMG of the three efforts), as expressed % MVC. 
Kinetic Analysis 
After aberrant values of pulmonary 9ࡆ O2 and deoxy[Hb+Mb] JUHDWHUWKDQWKUHH6'¶V
from the local mean were omitted, the individual responses during the baseline-to-
exercise transitions were time-interpolated to 1 s intervals, and averaged across each 
transition for each subject. The response curve of 9ࡆ O2 was fitted to a three-term 
exponential function (Eq. 1) that included amplitudes, time constants, and time delays, 
using nonlinear least-squares regression techniques (Kaleida Graph ver. 4.5; Synergy 
Software, Reading, USA) (e.g., 16, 31). The first exponential term started with the onset 
of exercise and the second and third terms began after independent time delays (35). 
    H(t) = 0 for t < 0 
    IRUW 
9ࡆ O2 (t) = 9ࡆ O2 (BL) + H·(t) ·Ac·(1-e-WĲc)    phase I (cardiodynamic component) (1) 
+ H·(t-TDp) · Ap·[1-e-(t-7'SĲS]   phase II (primary component) 
+ H·(t-TDs) · As·  [1-e-(t-7'VĲV]   phase III (slow component, SC) 
where the subscripts c, p, and s refer to initial, primary, and slow components, 
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respectively; 9ࡆ O2 (BL) is the baseline value (20 W exercise); Ac, Ap, and As are the 
DV\PSWRWLFDPSOLWXGHVIRUWKHH[SRQHQWLDOWHUPVĲcĲpDQGĲs are the time constants; and 
TDP, and TDs are the time delays. The phase I 9ࡆ O2 at the start of phase II (i.e., at TDP) 
was assigned the value RI9ࡆ O2 at t = TDp (Ac'). The physiologically relevant amplitude 
of the primary exponential component during phase II (Ap') was defined as the sum of Ac' 
+ Ap. To facilitate comparison among participants at different absolute work rates, the O2 
cost (gain) of the primary response was calculated as Gp (Ap'/ǻpower), where ǻpower is 
the increase in power output above the 20 W baseline. 
Because of concerns regarding the validity of using the extrapolated asymptotic value 
for the slow component (As), we used the value of fitted function at t = 6 min (end 
exercise; As') to define the relative contribution of slow component to the overall increase 
in 9ࡆ O2 [As'/(Ap' + As')]. The increment in 9ࡆ O2 between the 3rd and 6th min of exercise 
ǻ9ࡆ O2 6-3) was also calculated as an index of the 9ࡆ O2 slow component amplitude. 
The deoxy[Hb+Mb] data were fit with a monoexponential model (Eq.2):  
deoxy[Hb+Mb](t) = deoxy[Hb+Mb]b + Ap ·  [1-e-(t-TDp)/Wp]        (2) 
where the subscripts b and p refer to baseline 20 W cycling and primary component, 
respectively; deoxy[Hb+Mb]b is the 20 W exercise baseline value; Ap is the amplitude of 
WKHH[SRQHQWLDO WHUPĲp is the time constant and TDp represents the initial component 
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time delay. The deoxy[Hb + Mb] data were fit from the time of exercise onset to 180 s 
with the mono-exponential model (29). In our previous study (30), we compared the TDp 
values of a single-exponential model (14, 18, 22) with those of a two-exponential model 
(30) and DeLorey et al. (10; the TDp from the time of exercise onset to the first point 
greater than 1 SD above the mean of the baseline). At some sites, there were no significant 
differences in the TDp for the three methods, while at others sites our method produced 
slightly shorter TDp values (1±2 s).  
The TDp and Ĳp of the deoxy[Hb+Mb] response were summed to provide an indication 
of the overall dynamics of muscle deoxygenation in the first 3 min of exercise (mean 
response time, MRT). Separately, values for deoxy[Hb+Mb], oxy[Hb+Mb], and 
total[Hb+Mb] were measured from the mean of the last 60 s at baseline, and the 30 s 
immediately before 3 and 6 min of exercise. 
The increment in deoxy[Hb+Mb] between the 3rd and 6th min of exercise (ǻAmplitude
 
6-3) was also calculated as an index of the slow component amplitude. Further, the relative 
contribution of slow component to the overall increase (ǻ$PSOLWXGH 6-3/Amplitude at 6 
min) was also calculated. 
$VDPHDVXUHRI³GDWDSRLQW-by-GDWDSRLQW´LQWHU-site heterogeneity of the deoxy- and 
total[Hb+Mb], root mean squared error (RMSE) for each subject at a given time was 
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calculated as follows (50): 
 > @¦  n/XX)t(RMSE 2avei  
where Xi, Xave, and n are individual responses at each site, the mean of the 4 sites values, 
and the number of the sites (i.e., 4), respectively. 
Further, amplitudes of deoxy- and total[Hb+Mb] normalized to iEMG (i.e., ȝ0·% 
MVC-1) were calculated from the mean of the 30 s immediately before 3 min of exercise. 
Statistics 
Data are presented as mean ± SD. Paired-samples t-tests were used to compare the9ࡆ O2 
kinetic parameters between the KE and CE. The differences in NIRS parameter and iEMG 
(% MVC) values were analyzed by using repeated measures analysis of variance across 
exercise mode (KE vs. CE) and muscle site (dVL-s, dRF-s, pRF-s and pVL-d) with 
7XNH\¶VDGMXVWHGSRVW-hoc tests. Statistical significance was accepted when P < 0.05. A 
statistical software (GraphPad Prism ver. 7.02, GraphPad Software, San Diego, USA) 
ZDVXVHGIRUHDFKWHVW(IIHFWVL]HV(6XVLQJ&RKHQ¶Vd and K2p) and statistical power 
(1-ȕ) were calculated for the pulmonary9ࡆ O2 and NIRS variables. 
 
Results 
Adipose tissue thickness (ATT) 
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 The ATT of the distal sites of VL and RF, and proximal site of VL and RF were 4.1 ± 
1.0, 5.6 ± 1.5, 7.0 ± 2.9, and 5.7 ± 2.1 mm, respectively. There were no significant ATT 
differences among sites. 
Pulmonary 9լ O2 responses 
As expected, GET and 9ࡆ O2peak were significantly lower for KE than CE (GET: 1.13 r 
0.17 vs. 1.38 r 0.17 L·miní1, P < 0.01, d = 1.46, 1-ȕ ; 9ࡆ O2peak: 1.81 r 0.41 vs. 
3.03 r 0.43 L·miní1, P < 0.01, d = 2.90, 1-ȕ ). Fig. 1a shows pulmonary 9ࡆ O2 
responses to KE and CE heavy-intensity exercise, and mean kinetic parameters are given 
in Table 1. Both CE and KE responses exhibited a slow component, as is characteristic 
of heavy-intensity exercise. However, the relative amplitude of the 9ࡆ O2 slow component 
[i.e., A's/(A'p+A's)] was not different for the two exercise modes. The O2 cost of the 
primary component 9ࡆ O2 (Gp) was greater in KE than CE (P < 0.05, d = 1.69, 1-ȕ ) 
(Fig. 1b) and, importantly, the pulmonary9ࡆ O2 time constant was not different for KE 
and CE.  
Muscle deoxy- and total[Hb+Mb] responses among the superficial regions 
The temporal profiles of deoxy[Hb+Mb] during KE and CE are shown in Fig. 2. 
Exercise-induced deoxy[Hb+Mb] increase (amplitude) in the d-VLs muscle was 
considerably greater in CE than KE (40 r 27 vs. 25 r 14 µM; P < 0.05, d = 0.70, 1-ȕ 
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0.40) (Table 2). Overall, the amplitude of deoxy[Hb+Mb] at both 3 and 6 min was 
significantly lower for KE than CE in all muscle regions except at dRF-s (Table 3). 
The primary component kinetics of deoxy[Hb+Mb] were significantly different between 
KE and CE (Table 2 and Figs. 2 and 3). For CE, the MRT was shortest in the dVL-s (19 
r 4 s) and longest in the pRF-s (51 r 23 s) (Table 2). The opposite was observed for KE, 
with the MRT for dVL-s being the longest (51 r 16 s) and shortest for pRF-s (25 r 12 s). 
Neither the slow component of deoxy[Hb+Mb] (ǻAmplitude 6-3) nor its relative 
contribution were different between KE and CE at any muscle site (Table 3).  
The exercise-induced increase in total[Hb+Mb] was greater for KE than CE (Table 4 
and Fig. 4). In particular, the amplitude of total[Hb+Mb] at 3 min was significantly greater 
for KE than CE at each muscle site (P < 0.05, K2p = 0.49, 1-ȕ 0.96) (Table 4).  
Muscle deoxy- and total[Hb+Mb] responses in the proximal deep VL muscle 
A low S/N ratio precluded confident kinetic modeling of the deoxy[Hb+Mb] response 
in pVL-d, and hence these data are omitted from Table 2. The overall deoxy[Hb+Mb] 
amplitude of the pVL-d was less for KE than CE (P < 0.05, d = 1.37, 1-ȕ ; Fig. 2 
and Table 3). Fig. 3 compares pulmonary 9ࡆ O2 kinetics with the kinetics of muscle 
deoxygenation in the superficial and deep VL for both exercise modes. 
The amplitude of total[Hb+Mb] in the pVL-d was significantly greater for KE than CE 
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(P < 0.05, d = 1.37, 1-ȕ ; Fig. 4 and Table 4). 
Fig. 5 shows the point-by-point RMSE for all participants, illustrating the heterogeneity 
of deoxy- and total[Hb+Mb] responses to exercise across the quadriceps muscles for KE 
and CE. Heterogeneity of deoxy[Hb+Mb] was significantly lower in KE than CE during 
the 1st min of exercise (Panel a; P < 0.05, K2p = 0.23, 1-ȕ ). However, heterogeneity 
of the total[Hb+Mb] response was not different between KE and CE (Panel b; K2p = 0.15, 
1-ȕ ). 
Muscle deoxy- and total[Hb+Mb] responses normalized to muscle activity profiles 
Group mean responses of muscle activity (iEMG) relative to MVC (% MVC) during the 
last 30 s immediately before the end of exercise are shown in Fig. 6 (n = 7). For CE, the 
VL was activated at a substantially higher proportion of its MVC than the distal RF. In 
contrast, relative muscle activity across all muscle sites did not differ for KE.  
Further, when the deoxy[Hb+Mb] amplitudes were normalized to iEMG, the KE versus 
CE differences were abolished (Fig. 7a). In addition, the amplitudes of total[Hb+Mb] 
normalized to muscle activity were greater for KE than CE for all sites (P < 0.05, K2p = 
0.39, 1-ȕ ) (Fig. 7b). 
 
Discussion 
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Our primary original findings provided evidence for enhanced perfusive and diffusive 
O2 transport within the quadriceps musculature for KE compared with CE. Thus, if O2 
delivery per se were limiting the speed of the 9ࡆ O2 kinetics during CE, pulmonary 9ࡆ O2 
kinetics should be faster during KE than CE. However, pulmonary 9ࡆ O2 kinetics (time 
constant) were not different between the two exercise modes.  
 
Pulmonary 9լ O2 responses 
There were no significant differences in the time delay or time constant of pulmonary 
9ࡆ O2 primary component kinetics between CE and KE (Table 1) [consistent with Cleland 
et al. (7) and Koga et al. (32)].  
7KHVORZHUSXOPRQDU\9ࡆ O2 kinetics during KE versus CE reported by Shoemaker et al. 
(52) may have resulted from the same absolute work rate constituting a greater relative 
intensity (and domain) as well as sustained muscle tension during KE restricting blood 
flow (lifting and lowering a weight) (11, 15). Herein, we ensured that all exercise was 
performed in the heavy-intensity domain and also that the rhythmic cycling action was 
not appreciably different between KE and CE. Further, MacDonald et al. (36) showed 
that slower increases in pulmonary 9ࡆ O2 at the onset of KE in the supine compared with 
upright position. However, that the leg blood flow increased faster than 9ࡆ O2 in the upright 
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position suggests under normal conditions (e.g., upright cycling), O2 utilization may limit 
the 9ࡆ O2 response, whereas conditions such as supine body position, hypoxia, and other 
perturbations may produce a maldistribution of 4ࡆ 22 to O2 requirement within the 
exercising muscle reducing local O2 GHOLYHU\LQWRWKH³22 delivery-GHSHQGHQWUDQJH´ (32, 
43). 
The relative amplitude of the 9ࡆ O2 slow component [i.e., A's/(A'p+A's)] was not different 
for the two exercise modes [consistent with Cleland et al. (7)]. The presence of a slow 
component during heavy exercise is likely to be associated with 1) recruitment of lower 
efficiency fibers that have a higher O2 cost per unit tension development and a longer 
time constant (e.g., 34, 43) and 2) an inadequate microvascular O2 delivery to the working 
muscles (32). In our previous study (32), we speculated that the greater normalized 9ࡆ 22
VORZFRPSRQHQWLQ.(PD\KDYHUHVXOWHGIURPLQFUHDVHG4ࡆ 22WR9ࡆ 22 heterogeneity due 
to greater muscle tension. Fig. 2 demonstrates this not to be the case with respect to 
deoxy[Hb+Mb] and Figs. 4, 5 and 6 corroborate this conclusion from the perspectives of 
total[Hb+Mb] RMSE analysis and iEMG, which show more homogeneous profiles across 
muscles for KE than CE. The greater normalized 9ࡆ 22 slow component in KE compared 
with CE reported in Koga et al. (32) suggests a compromised the matching of O2 delivery 
to O2 requirement, which may have resulted from e.g. a greater metabolic demand of that 
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muscle region or a higher intramuscular tension limiting O2 delivery. Further study is 
required to clarify reasons for the discrepancies of the 9ࡆ 22 slow component data between 
our previous and present studies. 
 
Muscle deoxygenation responses 
Compared with CE, the overall amplitude of the muscle deoxy[Hb+Mb] at 6 min for KE 
was reduced at all muscle sites investigated in both the RF and VL, reflecting a higher 
4ࡆ 229ࡆ 22 ratio across the quadriceps for KE. 
 The kinetics (Ĳ and MRT) for the primary component of deoxy[Hb+Mb] at the dVL-s 
were significantly slower for KE compared with CE, suggesting that following the onset 
of exercise at the dVL-s site the 4ࡆ 22/9ࡆ O2 ratio was higher and thus microvascular O2 
delivery was better matched to utilization for KE compared with CE (Fig. 2). In contrast, 
the faster primary component deoxy[Hb+Mb] kinetics at the pRF-s for KE may reflect a 
transient paucity of microvascular O2 delivery relative to O2 requirement. One possible 
explanation for the faster deoxygenation kinetics at the pRF-s of KE compared with CE 
is that a higher intramuscular tension in KE at the proximal RF may have impeded muscle 
microvascular blood flow. If true, this could have compromised the matching of 
microvascular 4ࡆ 22 to 9ࡆ O2. In turn, this could have masked any potential increase in 
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perfusion that may have resulted from recruitment of a smaller muscle mass in KE (e.g., 
over-perfusion to non-recruited muscle fibers) (32, 37). Therefore, the reason(s) for the 
faster deoxygenation kinetics at the proximal RF during KE compared with CE is 
currently unknown. 
Based upon the muscle deoxygenation profiles, our previous study (32) suggested that 
bulk O2 delivery to the relatively smaller exercising muscle mass at the onset of heavy 
KE was adequate. If there is indeed an O2 delivery limitation to pulmonary 9ࡆ O2 kinetics 
during CE, then the enhanced perfusive and diffusive O2 transport within the quadriceps 
would be expected to speed pulmonary 9ࡆ O2 kinetics during KE. However, the primary 
component kinetics of pulmonary 9ࡆ O2 (time constant) was unaltered, which is consistent 
with the absence of O2 delivery-limited pulmonary 9ࡆ O2 kinetics during heavy-intensity 
exercise. 
It is likely that, compared with CE, the lower RMSE of the deoxy[Hb+Mb] for KE across 
the exercise on-transient (Fig. 5) is partially due to the spatially homogeneous profiles of 
muscle activation among the muscles for KE (Fig. 6). Thus, the more homogeneous 
profiles of deoxy[Hb+Mb] kinetics suggest better matching of 4ࡆ 22 to 9ࡆ O2 across the 
quadriceps musculature as a whole for KE compared with CE; in particular, for the 
superficial VL muscle, there may exist an admixture consisting of a greater proportion of 
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microvascular units adjacent to active (high 9ࡆ O2) muscle fibers and with high 
microvascular PO2, combined with a smaller portion of units that perfuse less- or non-
recruited muscle fibers i.e., differences in the recruitment pattern of microvascular units 
based on different regional metabolic rates during KE compared with CE. Vogiatzis et al. 
(53) showed that in fit young subjects there is very little heterogeneity in 4ࡆ 229ࡆ 22 during 
CE in the quadriceps, suggesting that within muscles 4ࡆ 22 is tightly matched to 9ࡆ 22. In 
contrast, the present and previous observations from our laboratory (e.g., 26, 29) 
demonstrate considerable heterogeneity of 4ࡆ 22 and 9ࡆ 22 during CE especially when 
metabolic conditions are changing profoundly as exemplified by the exercise on-transient.  
To examine the role of 4ࡆ 22 as a limiting factor for the adjustment of 9ࡆ O2, caution is 
required to compare the deoxy- and total[Hb+Mb] data from two different exercise 
modalities, performed at different absolute metabolic rates. In this context, when the 
deoxy[Hb+Mb] amplitudes were normalized to iEMG (% MVC), the KE versus CE 
differences were abolished (Fig. 7). The similarity in the microvascular O2 extraction 
[corrected by the iEMG (% MVC)] for KE and CE suggests that, at equivalent muscle 
activation levels, the muscle deoxygenation responses are independent of the exercise 
modes across different muscle sites [analog to bulk leg O2 extraction for the two exercise 
modes (48)]. It is likely that the increased blood flow is well matched to the greater mass-
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specific metabolic demand for KE, which results in the lack of a difference in 
microvascular O2 extraction for across exercise modes.  
The absolute baseline deoxy[Hb+Mb] was higher in KE than CE. As the absolute power 
output and the whole-body 9ࡆ O2 at baseline level were identical in KE and CE, the mass-
specific metabolic demands of small muscle mass KE (4 kg muscle for two legs) were 
expected to be far greater than CE (15 kg muscle for two legs). This suggests greater 
LQWUDPXVFXODU9ࡆ 22 was required during KE than CE at baseline, and thus the exercise was 
initiated from a greater LQWUDPXVFXODU9ࡆ 22/Q
㸬
O2 in KE (i.e., the metabolic demand exceeds 
the O2 delivery), despite an expected higher perfusion in KE compared with CE. 
Interestingly, the total[Hb+Mb] concentration at baseline was also identical in KE and 
CE. Considering that capillary hematocrit increases with elevated perfusion as exercise 
intensity increases some elevation of total[Hb+Mb] was expected with the increased 
metabolic demand (8, 44). That the present observations did not fulfill this expectation 
raises interesting questions regarding microvascular control in human muscles in vivo. 
Currently the precise mechanism(s) for the higher deoxy[Hb+Mb] at the baseline in KE 
than CE are unclear. 
The slow component of deoxy[Hb+Mb] (ǻAmplitude 6-3) and the relative contribution 
of the slow component to the overall deoxy[Hb+Mb] increase were not different between 
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KE and CE at any muscle site. These results suggest that, compared with CE, the 
enhanced perfusive and diffusive O2 transport within the quadriceps for KE may not have 
improved the local balance between muscle 4ࡆ 22 and O2 utilization whilst the slow 
component was developing. 
It is crucial that the metabolic demands of different muscles be accounted for in order to 
discern between a fundamental alteration of the 4ࡆ 22/9ࡆ O2 ratio versus differences 
resulting from altered recruitment/9ࡆ O2 relationships per se (regardless of whether it is in 
the same or a different muscle). While comparison of the responses to KE versus CE in 
this study offers a novel window into this issue, the following remain to be determined: 
1) To what degree is a higher 4ࡆ 22 to 9ࡆ O2 ratio (and microvascular PO2) beneficial in 
terms of optimizing muscle 9ࡆ O2 kinetics and metabolic control in a specific region? 2) 
When might another spatially distinct muscle region derive more benefit from some of 
WKHµH[WUD¶22 delivery (33)? 3) In order to interpret the dynamic adjustment of O2 delivery 
based on a given profile of O2 extraction (i.e., deoxy[Hb+Mb]) at each site of NIRS 
inspection, a 9ࡆ O2 value for each of those sites should be known. Further investigation is 
needed to establish how differences in muscle activation might contribute to the kinetics 
differences we observed in CE versus KE. 
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Total[Hb+Mb] responses 
In addition to the enhanced perfusive O2 delivery discussed above, the potential for 
differences in muscle O2 diffusing capacity (DmO2) between KE and CE must be 
considered. Specifically, as DmO2 is determined by the volume of red blood cells in the 
capillary bed adjacent to muscle fibers at any instant (13, 16), the greater increase in 
total[Hb+Mb] with KE compared with CE exercise (Figs. 4 and 7) predicts a greater 
diffusive O2 conductance. 
 
We evaluated a macroscopic heterogeneity of O2 delivery and 9ࡆ O2 during exercise, 
which is impacted by differences in motor unit/muscle recruitment patterns. However, 
further studies must exploit technology that can address microscopic as well as 
macroscopic heterogeneity in vascular and metabolic control that would encapsulate the 
broad extremities of the O2 delivery and 9ࡆ O2 ratios within and among contracting 
muscle(s) (16). 
 Although KE is a unique exercise mode in that only the quadriceps are exposed to 
increased metabolic demand, in daily life activity there is great interest in utilizing KE 
for training/rehabilitation programs (e.g., repeated chair sit-to-stand exercise is prognostic 
in ageing and chronic lung and heart disease) where, for example, chronic obstructive 
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pulmonary disease or heart failure patients have an abnormally low exercise capacity 
consequent to limited pulmonary or cardiovascular function. Exercise training using KE 
has significantly and substantially increased whole-body exercise capacity and reduced 
exercise inWROHUDQFHLQKHDUWIDLOXUHUHGXFHGHMHFWLRQIUDFWLRQSDWLHQWV,QGHHGWKH.(
WUDLQLQJZDVVRHIIHFWLYHWKDWLWUHWXUQHGZKROHERG\9ࡆ 22 to healthy control values (5, 12, 
45). 
 
Experimental limitations 
A limitation of this study is that it is conducted with a relatively homogeneous cohort of 
Japanese college-aged recreationally-trained men. A larger number of subjects is required, 
across a wider range of physical function, (e.g., young vs. old; men vs. women) to increase 
the generalizability of our findings. 
In conclusion, using powerful TRS-NIRS technology this investigation has, for the first 
time, compared the exercise modes of KE and CE to gain insights into the influence of 
deoxygenation heterogeneity across the quadriceps muscles on 9ࡆ O2 kinetics. Specifically, 
despite the far greater mass-specific metabolic demands of KE, and consistent with 
hypothesis 1, the amplitudes of deoxy[Hb+Mb] during exercise were lower, indicative of 
a higher perfusive O2FRQGXFWDQFHUHODWLYHWR9ࡆ O2 (i.e., 4ࡆ 22/9ࡆ O2 ratio) across multiple 
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quadriceps sites. During the exercise on-transients for both KE and CE exercise the 
primary component deoxy[Hb+Mb] kinetics were heterogeneous, but more so for CE than 
KE, evidencing a range of microvascular 4ࡆ 22/9ࡆ O2 ratio dynamics in select quadriceps 
muscles, in agreement with hypothesis 3. Further, the greater amplitude of total[Hb+Mb] 
for KE among quadriceps muscles suggests that KE increased the diffusive O2 
conductance more than CE (hypothesis 2). Collectively, these data demonstrate unaltered 
9ࡆ O2 kinetics for KE despite the presence of greater perfusive and diffusive O2 
conductances across multiple sites within the quadriceps providing novel additional 
support for the concept that O2 delivery per se did not limit 9ࡆ O2 kinetics during either 
heavy-intensity KE or CE (hypothesis 4). This underscores that pulmonary and muscle 
9ࡆ O2 kinetics for both KE and CE most likely reflect intramuscular limitations rather than 
O2 delivery limitations (e.g., 49, 55). 
 
Perspectives and Significance 
This study demonstrates that 9ࡆ O2 kinetics was not different for KE versus CE despite 
greater perfusive and diffusive O2 conductances across multiple sites within the 
quadriceps compared with CE, providing additional support for the concept that O2 
delivery per se does not limit 9ࡆ O2 kinetics during either heavy-intensity KE or CE. Future 
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studies will aim to identify whether the same is true during healthy aging or in chronic 
disease states. The present investigation lays valuable groundwork for construction and 
testing of hypotheses in patient populations where altered 4ࡆ 22WR9ࡆ 22 heterogeneity may 
be linked to exercise intolerance. Further, the present observations suggest that caution is 
required when extrapolating the muscle 9ࡆ O2 kinetics for heavy-intensity CE from KE, 
because the microvascular as well as the bulk 4ࡆ 22WR9ࡆ 22 responses differ markedly for 
the two modes.  
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Table 1. Pulmonary O2 uptake kinetics during cycling and knee extension exercise 
 
  Cycling  Knee extension  
Work rate (W)  189  ± 22   82  ± 10  * 
Baseline (mL·miní1)  581  ± 67   580  ± 67   
A'c, (mL·miní1)  370  ± 109   215  ± 46  * 
TDp (s)  22  ± 4   25  ± 9   
Ĳp (s)  33  ± 13   41  ± 23   
A'p (mL·miní1)  1662  ± 203   750  ± 136  * 
Gp (mL·miní1·Wí1)  9.9  ± 0.7   12.3  ± 1.9  * 
TDs (s)  174  ± 55   167  ± 53   
A's (mL·miní1)  253  ± 183   167  ± 116   
A's/(A'p+A's)  0.13  ± 0.09   0.17  ± 0.09   
ǻ9R2 6-3 (mL·miní1)  184  ± 49   124  ± 71   
ǻ((9R2 (mL·miní1)  1912  ± 192   912  ± 193  * 
Values are means ± SD (n = 8). 
*, P < 0.05 for paired t-test.  
9ࡆ O2, pulmonary O2 uptake; A'c, amplitude of cardiodynamic component; TDp, time delay 
RISULPDU\FRPSRQHQWĲp, time constant of primary component; A'p, amplitude of primary 
component; Gp, the O2 cost (gain) of the primary component 9ࡆ O2; TDs, time delay of 
slow component; A's, amplitude of the slow component at end exercise; ǻ9ࡆ O2 6-3, the 
increment in 9ࡆ O2 between the 3rd and 6th min of exercise; ǻ((9ࡆ O2, end-exercise 9ࡆ O2 
above the baseline.
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Table 2. Amplitude and kinetic characteristics of the deoxy[Hb+Mb] response among the superficial muscles following the onset of heavy 
exercise of cycling (CE) and knee extension (KE). 
   Vastus lateralis  Rectus femoris  
   Distal (dVL-s)  Distal (dRF-s)   Proximal (pRF-s)  
%DVHOLQHȝ0  CE 50.0  ± 4.3   53.5  ± 7.9   52.4  ± 6.0   
  KE 55.8  ± 4.2   57.6  ± 5.3   61.8  ± 6.6   
$PSOLWXGHȝ0  CE 40.4  ± 27.4   22.6  ± 11.0  a 19.7  ± 12.8  a 
  KE 25.1  ± 14.2   25.6  ± 14.1   19.3  ± 11.5   
Time delay (s)  CE 4  ± 1   7  ± 4   11  ± 8  a 
  KE 8  ± 3   4  ± 3   4  ± 4   
Time constant (s)  CE 15  ± 3   28  ± 15   40  ± 18  a 
  KE 43  ± 16   24  ± 9  a 21  ± 9  D 
Mean response time (s)  CE 19  ± 4   35  ± 19   51  ± 23  a 
  KE 51  ± 16   28  ± 11  a 25  ± 12  D 
               
r2  CE 0.95  ± 0.05   0.86  ± 0.20   0.82  ± 0.23   
  KE 0.92  ± 0.05   0.95  ± 0.03   0.90  ± 0.05   
Values are means ± SD (n = 8). 
³D´YVGLVWDOVLWHRIYDVWXVODWHUDOLV3 < YVF\FOLQJH[HUFLVH3 < 0.05. 
r2, Coefficient of determination 
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Table 3. Amplitudes of the deoxy[Hb+Mb] response in the superficial- and deep muscles following the onset of heavy exercise of CE and 
KE. 
  Vastus lateralis  Rectus femoris  
  Distal (dVL-s)  Proximal (deep, 
pVL-d) 
 Distal (dRF-s)  Proximal (pRF-s)  
%DVHOLQHȝ0 CE 50.0  ± 4.3   48.7  ± 6.9   53.5  ± 7.9   52.4  ± 6.0   
 KE 55.8  ± 4.2   59.2  ± 5.6   57.6  ± 5.3   61.8  ± 6.6   
$PSOLWXGHDWPLQȝ0 CE 39.8  ± 25.6   25.5  ± 36.8   21.4  ± 10.1   19.4  ± 12.7   
 KE 23.6  ± 13.6   18.8  ± 23.6   22.5  ± 14.5   17.3  ± 11.1   
$PSOLWXGHDWPLQȝ0 CE 44.5  ± 25.3   27.4  ± 35.3   27.4  ± 14.1   23.8  ± 15.9  a 
 KE 25.6  ± 11.2   19.6  ± 20.8   25.3  ± 14.2   18.7  ± 9.6  D 
ǻ$PSOLWXGH6-3 ȝ0 CE 4.7  ± 4.4   1.9  ± 3.3   6.0  ± 5.1   4.5  ± 5.0   
 KE 2.0  ± 4.0   0.9  ± 4.2   2.7  ± 2.2   1.4  ± 4.4   
Relative amplitude of slow component CE 0.12  ± 0.10   0.14  ± 0.97   0.23  ± 0.17   0.17  ± 0.15   
 KE 0.05  ± 0.34   0.05  ± 0.86   0.13  ± 0.15   0.05  ± 0.30   
 
Values are means ± SD (n = 8). 
³D´YVGLVWDOVLWHRIYDVWXVODWHUDOLV3 < YVF\FOLQJH[HUFLVH3 < 0.05. 
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Table 4. Amplitudes of the total[Hb+Mb] response in the superficial- and deep proximal VL muscles following the onset of heavy exercise 
of CE and KE. 
 
  Vastus lateralis  Rectus femoris  
    Distal (dVL-s)   Proximal (deep, 
pVL-d)   Distal (dRF-s)   Proximal (pRF-s)   
%DVHOLQHȝ0 CE 186.6  ± 11.6   192.9  ± 20.8   198.8  ± 12.5   197.8  ± 18.0   
 KE 192.8  ± 12.4   196.8  ± 17.7   206.3  ± 8.2   202.0  ± 18.5   
$PSOLWXGHDWPLQȝ0 CE 15.9  ± 6.9   -2.9  ± 6.6  a 6.1  ± 2.3  a 1.0  ± 9.7  a 
 KE 21.1  ± 6.5   10.9  ± 12.9  D 10.9  ± 5.6  D 6.5  ± 3.5  D 
$PSOLWXGHDWPLQȝ0 CE 16.3  ± 7.5   -1.8  ± 10.0  a 12.2  ± 5.2  b 6.3  ± 11.9   
 KE 23.0  ± 6.2   15.6  ± 15.0   12.1  ± 6.0   8.6  ± 6.6  a 
ǻAmplitude 6-3 ȝ0 CE 0.3  ± 4.0   1.1  ± 4.7   6.2  ± 3.6   5.3  ± 3.7   
  KE 1.9  ± 7.6    4.7  ± 6.8    1.2  ± 2.0   2.1  ± 4.3    
 
Values are means ± SD (n = 8). 
³D´YVGLVWDOVLWHRIYDVWXVODWHUDOLV3 < ³E´YVSUR[LPDOVLWHRIYDVWXVODWHUDOLV3 < YVF\FOLQJH[HUFLVH3 < 0.05. 
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Figure Legends 
)LJXUH3DQHO³D´*URXSPHDQ UHVSRQVHVRISXOPRQDU\ 9ࡆ O2 following the onset of 
heavy-intensity cycling (CE, solid line) and knee extension exercise (KE, dotted line). 
3DQHO³E´3XOPRQDU\ 9ࡆ O2 per power (gain) during CE and KE. 
 
Figure 2. Group mean responses for muscle deoxy[Hb+Mb] from baseline to heavy 
exercise of CE (panel a) and KE (panel b). Open and gray circles show responses for 
distal (superficial) and proximal (deep) VL. Open and filled squares show responses for 
superficial sites of distal and proximal RF, respectively. 
 
Figure 3. Comparison of relative increases between pulmonary 9ࡆ O2 and muscle 
deoxy[Hb+Mb] responses from baseline to heavy exercise of CE (panel a) and KE (panel 
b). Open and gray circles show the group mean responses for deoxy[Hb+Mb] in 
superficial and deep VL, respectively. Thick solid line shows the group mean responses 
for pulmonary 9ࡆ O2. 
 
Figure 4. Group mean responses of total[Hb+Mb] from baseline to heavy exercise for CE 
(panel a) and KE (panel b). Open and gray circles show responses for distal (superficial) 
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and proximal (deep) VL. Open and filled squares show responses for superficial sites of 
distal and proximal RF, respectively.  
 
Figure 5. Group mean responses for point-by-data point root mean square error (RMSE) 
changes (i.e., inter-site heterogeneity across the quadriceps muscles) of muscle deoxy- 
(panel a) and total[Hb+Mb] (panel b) following the onset of heavy exercise. Open and 
filled triangles show the changes in KE and CE, respectively. * shows the significant 
differences between KE and CE (P < 0.05). 
 
Figure 6. Group mean responses of muscle activity (iEMG) relative to MVC (% MVC) 
during the last 30 s immediately before the end of heavy-intensity exercise for CE and 
KE. # denotes the significant differences from both proximal and distal VL muscles (P < 
0.05). 
 
Figure 7. Group mean amplitudes of deoxy- (panel a) and total[Hb+Mb] (panel b) 
normalized to L(0*LHȝ0·% MVC-1) during heavy-intensity exercise for CE and KE. 
$ denotes the significant differences between KE and CE (P < 0.05).
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